SiC P /Al-Fe-V-Si composite was prepared by spray-deposition. Two kinds of interfaces between SiC particle and the Al matrix were observed in the composite. One was constituted by the glassy silica which could decrease the formation of Al 4 C 3 , improve wettability, avoid particle consumption and increase the interfacial strength. The other was a diffusion interface without any interfacial phase which resulted in a high strength bonding at the SiC interface. Fine twinned Al 4 C 3 phases formed in the matrix near the interface, then strengthened the composite further.
INTRODUCTION
Interfaces between the reinforcement and the matrix in the metal matrix composites play a crucial role in determining the mechanical properties, such as strength, toughness, fatigue and wear-resistance. In the past, four different models have been proposed to explain the bonding conditions that exist at the interface between the SiC particle and the Al matrix: (1) the presence of a SiO 2 film at the interface both the matrix and the reinforcement, (2) direct electronic bonding between the atoms across the interface, (3) a chemical bond due to the interfacial reaction that forms another compound such as Al 4 C 3 , and (4) inter-diffusion at the interface [1, 2] .
For the SiC particle reinforced aluminum matrix composites, the reaction between the aluminum matrix and the SiC particles during their liquid phase manufacturing process results in the formation of coarse Al 4 C 3 at the interface. Coarse Al 4 C 3 forms as a discontinuous layer (rod-like , hexagonal platelet [3, 4] ), which has important detrimental effects, such as reducing the interfacial strength and increasing corrosion susceptibility [5] [6] [7] . Therefore, the formation of coarse Al 4 C 3 during the fabrication process should be avoided or minimized. And three primary techniques have been employed for suppressing the formation of Al 4 C 3 : (1) Chemical com-
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position modification of the matrix, Si was added into the Al matrix, in order to hinder the interfacial reaction [8] .
(2) Surface modification of the reinforcement, including the coating of SiC [9] and the passive oxidation of SiC [10] . (3) Controlling processing parameters so that the extent of the interfacial reaction can be limited. Various composite fabrication methods such as semisolid forming, powder metallurgy and spray forming can be used [11] .
Oxidation of SiC particles can be accelerated by spray deposition and shortening the holding time at high temperature during composite fabrication, so that a good interface bonding between SiC particles and the Al matrix without a large volume of brittle and coarse Al 4 C 3 were obtained, which played an important role in mechanical properties improving of the composite. In our earlier work, the SiC P /Al-Fe-V-Si composite prepared by spray deposition was characterized by excellent mechanical properties both at ambient and elevated temperatures [12] , and a amorphous SiC/Al interface and its effects on the microstructure and mechanical properties were investigated [13] . A novel process of rolling after hot pressing was adopted to obtain homogeneous distribution of SiC particles and strong bonding between the particles and the matrix. And two kinds of interface between the SiC particles and the Al matrix in SiC P /Al-8.5Fe-1.3V-1.7Si composite sheets were found in this paper. Therefore, the present work is aimed at studying the effects of the novel process and the two kinds of interface on the microstructure and subsequently on the mechanical properties of the composite.
EXPERIMENTAL PROCEDURES
The present investigation was carried out on composites prepared by multi-layer spray deposition.
To ensure a relatively homogeneous distribution of SiC particles within the Al alloy matrix, SiC particles were co-spray deposited with the Al alloy. The raw materials used in this study were Al-8.5wt%Fe-1.3wt%V-1.7wt%Si (namely 8009Al) heat up to 1030°C and 15 vol.% β-SiC particulates of α-6H structure (range of 8~12 μm). The composite preforms were firstly fabricated by self-developed spray deposition equipment with crucible scanning (as shown in Fig.1 ). Hot pressing was used for densification of the composite preforms. The asdeposited preforms were cylinders with the size of 300mm in diameter and 400 mm in height. These preforms were turned to 155 mm in diameter before pressing. The billets as-turned were heated up to 450°C and then hot pressed to columns with the diameter of 165 mm. The hot pressing model was heat up to 410°C. The columns as-pressed were turned to 155 mm in diameter again and then hot-pressed one more time. The billets as-pressed were cut into sheets and finally were rolled at 490°C with pass reduction of about 10%.
The microstructures of the composite were examined by means of optical microscopy (OM), transmission electron microscopy (H800), high resolution electron microscopy (JEOL 3010) and energy dispersive X-ray spectroscopy (EDX) using a thin film sample prepared by an ion beam polishing machine(Gatan Precise Ion Polishing System model 691).
RESULTS AND DISCUSSION 3.1 Bonding state of SiC-Al matrix
Three conditions may appear when the SiC particles fly to the molten Al alloy droplet during spay deposition: (1) the SiC particle inserts into the droplet partly or (2) entirely, or (3) the SiC particles miss the droplet. Most SiC particles insert into the droplets partly, while some particles inlay in the surface of the droplets. The drops with SiC particles fly to the disk and then bond together. Consequently, most SiC particles were distributed along the atomized powder boundary in the deposited billet. The billets deformed plastically during hot-pressing proceeding, as illustrated in Fig.2 (a) . The atomized powders were squeezed and deformed into flat particles. Hot pressing can obviously reduce the porosities in or between powders, but cannot eliminate the boundaries between the layers and the powder particles formed during spray deposition and SiC particulate gathering, and the bonding state of the SiC particle and the Al matrix was not ideal. Higher density were obtained by means of rolling after hot pressing than that by hot pressing due to a large shear deformation and boundaries were eliminated by the heavy shear deformation of the alloy matrix. The SiC particulates distributed uniformly and bonded ideally with Al matrix in the as-rolled sheet as shown in Fig. 2 (b). 
Interface structure of SiC-Al
One kind of the interfaces between the SiC particle and the Al matrix was an amorphous layer, which was resulted from oxidization of SiC, as shown in Fig.3 (a, b) . When SiC particles were exposed at temperatures above 800°C in air, oxidation occurs at the surface and a SiO 2 layer was formed, demonstrated by the EDX analysis on the surface, and the thickness of the SiO 2 layer was determined by the temperature and holding time. As mentioned above, most of the SiC particles inserted on the surfaces of the atomized droplets, and the SiC particles were heated to a temperature higher than 800°C by the melt droplets at the temperature of about 1030°C. Part of the SiC particle surface was exposed in the air, subsequently a SiO 2 layer with the thickness of about 5 nm formed ( Fig.3 (b) ). The formation of coherent SiO 2 layer on the surface of SiC particles is contributed to the suppression of further oxidation. The passive silica layer growing naturally on the SiC particles is expected to act as a protective barrier(diffusion barrier)to prevent the formation of Al 4 C 3 by reaction between Al and SiC as equation(1) and to improve the wettability of SiC by aluminum [14] , which is benefit for the mechanical properties of the composite. Good wetting at the interface are required for strong bonding. Good wetting is an essential condition for the generation of a satisfactory bond between the particle reinforcement and the liquid, to allow the transfer and the distribution of load from the matrix to the reinforcements without failure. Additional advantage from the oxidation of SiC particles at elevated temperatures is the removal of the contaminants, extraneous component and absorbed water from the surface, which helps to form a clean and uniform protective interface ( Fig.3(a) ). The short holding time at elevated temperature (above 800°C) during spray deposition process resulted in the thin thickness of the SiO 2 layer, protecting the SiO 2 layer from reaction with Al as equation (2).
Another kind of the interfaces between the SiC particle and the Al matrix is the SiC contact with Al matrix directly without an amorphous layer, as illustrated in Fig.3(c,d) . As shown in Fig.3(c) , no other interface phase formed between the SiC particles and the matrix, but some rod-like Al 4 C 3 phases were detected in the matrix nearby the interface, which was about 10nm in diameter and 50 nm in length. It can be considered harmless to the interface bonding strength since it was characteristic of a small dimension. Furthermore, a clean, smooth and uniform interface was observed between the SiC particles and the Al matrix in Fig.3 (d) . The Al 4 C 3 phases were derived from the reaction between aluminum and SiC particles as equation (1). This reaction origins from a dissolution-precipitation mechanism [15] . SiC particles were dissolved in Al matrix, resulting in the saturation of carbon in Al, precipitation of Al 4 C 3 in form of tabular aggregates which penetrate the SiC. It can be concluded that diffusion bonding resulted in a strong interfacial bonding in the composite. It should also be pointed out that some kinds of crystallographic orientation relationships may exist between SiC particle and Al matrix as shown in Fig.3(d) , and atomic match bonding was possible Yiqiang He , Bin Qiao, Na Wang, Jianming Yang, Jinsong Chen, Zhen-hua Chen the reason for the high interface bonding strength in the spray-deposited composite. Fig.3(e) is a TEM image of the Al 4 C 3 phase with high magnification in Fig.3(c) . As seen from Fig.3(e) , the Al 4 C 3 phase exhibits the micro-twin microstructure. The twinned Al4C3 phases belong to the hexagonal system, which are 180° secondary rotation twin with (003) as twinning plane and [001] direction as twinning axis. The long axis direction of Al 4 C 3 is parallel to (003) plane and perpendicular to [001] direction. The long axis direction of Al 4 C 3 is [210] direction. The Al 4 C 3 phases are 180°secondary rotation twins with (003) as twinning plane and [001] direction as twinning axis [16] .
In recent years, the attention in the passive oxidation method as a way to prevent the formation of Al 4 C 3 during the fabrication of SiCp/Al composite by the routes of liquid or semi-liquid state has grown substantially. However, there are inherent issues that might be prudent to consider if a economic and versatile processing route is pursued. A typical oxidation routine involves heating SiC powders at rate of 10°C/min and holding to a preset temperature in the range from 800 to 1100°C for 40 h. Another major disadvantage in the passive oxidation method is the interface (SiO 2 layer) of the composite system becomes unstable when the composites is exposed at temperature higher than 620°C for a long time during composite fabrication as equation (2), resulting in the formation of Al 4 C 3 at the SiO 2 depletion rim.
Fabrication of the composite and formation of a protective interface or an interface of crystallographic orientation relationships can be obtained by multilayer spray deposition in one step. Accordingly, multi-layer spray deposition can be considered to be an economic and versatile method of composite fabrication. As mentioned above, the holding time at elevated temperature is so short to prevent or minimize the formation of Al 4 C 3 . In addition, as a means of SiC p /Al-Fe-V-Si composites fabrication, multilayer spray deposition involves a high enough cooling rate, which is crucial to the properties of these composites. The matrix-reinforcement interface plays a critical role in metal matrix composites. In SiC particle reinforced Al matrix composites, the nature of the interfacial bond affects the plastic flow of the matrix and the nucleation, growth, and coalescence of voids within the matrix. The amorphous SiO 2 layer improves the wettability of SiC by aluminum matrix. The strong bonding at the interface is required for good wetting, which a key factor is contributing to the excellent mechanical properties. The clean, smooth and uniform interface of crystallographic orientation relationships existing between the SiC and Al matrix results in a high strength bond at the interface between the SiC particle and the Al matrix in the composite, and contributes to the excellent mechanical properties.
Mechanical properties
Fine Al 4 C 3 particles were dispersed in the Al matrix, strengthening the composite through precipitation strengthening [17] , which improve the mechanical properties of the composite further. 
CONCLUSIONS
In conclusion, multi-layer spray deposition was exhibited as an economic and versatile method of composite fabrication. Fabrication of the composite and formation of a protective interface or an interface of crystallographic orientation relationships can be obtained by multi-layer spray deposition in one step. An amorphous SiO 2 interface of 5nm in thickness and an interface of crystallographic orientation relationships were observed in the multi-layer spray-deposited Al-Fe-V-Si/SiC P composites. The amorphous SiO 2 layer improves the wettability of SiC by the aluminum matrix. The clean interface of crystallographic orientation relationships results in a high strength bond. Both the two strong bond interfaces contribute to improve the mechanical properties. Some rod-like Al 4 C 3 phase of about 10nm in diameter and 50 nm in length distributed in the matrix near the interface. Fine twinned Al 4 C 3 phases dispersing in the Al matrix, strengthen the composite by precipitation strengthening and improve the mechanical properties of the composite further. The Al-8.5Fe-1.3V-1.7Si/15vol.%SiC P composite prepared by multi-layer spray deposition was characterized by excellent mechanical properties.
